This paper presents an impedance-matching-based control scheme for the harmonic resonance damping of multiple grid-connected-converters (GCCs) with LCL filters. As indicated in this paper, harmonic resonance occurs if a GCC possesses an output impedance that is not matched with the rest of the network in some specific frequency bands. It is also revealed that the resonance frequency is associated with the number of GCCs, the grid impedance and even the capacitive loads. By controlling the grid-side current instead of the converter-side current, the critical LCL filter is restricted as an internal component. Thus, the closed-loop output impedance of the GCC within the filter can be configured. The proposed scheme actively regulates the output impedance of the GCC to match the impedance of the external network, based on the detected resonance frequency. As a result, the resonance risk of multiple GCCs can be avoided, which is beneficial for the plug-and-play property of the GCCs in microgrids. Simulation and experimental results validate the effectiveness of the proposed method.
I. INTRODUCTION
More and more distributed generation (DG) units have been integrated into low-voltage (LV) distribution systems in recent years [1] , [2] . As an efficient form to achieve the coordinated operation of DG units in certain application, the microgrid is gradually gaining wide acceptance [3] . In spite of its high efficiency and control flexibilities [4] , the microgrid still faces new technical challenges. In a microgrid, grid-connected-converters (GCCs) with LCL filters are widely applied as a power interface between the DGs and the distribution system [5] . LCL resonance can be excited by system harmonics either from the PWM process or from grid voltage distortions [6] . Moreover, this can be intensified by other paralleled GCCs with their own resonances [7] , [8] .
Resonance in a microgrid leads to line current distortions or even harmonic instability of the whole system [8] .
To suppress the harmonic resonance of GCCs with LCL filters, some active damping control methods have been proposed. The basic idea is to introduce system state variables to achieve feedback control [9] . Examples of these state variables include the filter capacitor voltage [10] , [11] , the inverter-side inductor current [12] , and the filter capacitor current [13] - [16] . Moreover, multiple-state feedback is also employed for active damping [17] . Among the various solutions in these studies, the double-loop grid-side current control based on filter capacitor current feedback is generally preferred [18] .
Nevertheless, these approaches mainly address the resonance suppression of individual GCCs. Once more GCCs are connected to a network, new resonance problems may occur [19] . It is indicated in [7] , [19] , and [20] that the interaction of multiple GCCs is likely to result in parallel resonance among the GCCs. Simultaneously, series resonance also occurs between a multiple-GCC-based system and a distribution grid. Given the complex resonances of multiple GCCs in a microgrid, a few papers have been published to address this issue. An active damper was developed in [21] to reshape the external impedance profile of the GCCs, so as to prevent the resonance between the external network and the GCCs. An impedance converter was proposed in [22] to eliminate the reflected wave and damp the background harmonic resonance in the grid. These methods implement a special "stabilizer" to effectively handle the resonance in a microgrid from the perspective of the external network. Another option is to deal with the resonance from the perspective of the GCC itself. A lead-lag element is used in the control scheme of each GCC to damp oscillations in an n-paralleled GCCs system [19] . A virtual-impedance-based active damping method is adopted for each of the GCCs in a microgrid [7] . However, the authors of this paper just consider the regulation of the current coming from the converter, rather than the current injecting into the grid after a LCL filter. Therefore, the LCL filter is susceptible to coupling with an external network as an intermediate component without constraints by the current control loop, which may pose a potential threat to system stability. In addition, the performance of these methods, which were designed with a relatively fixed parameter, may degrade because the structure and impedance characteristics of the external network which the GCC is confronted with will be variable and complicated as the microgrid is further developed [4] , [23] , [24] . In order to deal with the harmonic resonance in increasingly complicated microgrids, it is necessary to take a comprehensive consideration of the GCC, the coupling among multiple GCCs, the grid impedance, the special distributed, etc. Then it is necessary to explore the causes of the resonance and the corresponding solution from the perspective of the system level.
As mentioned above, an external network of GCCs will present mutative impedance characteristics in different frequency bands under a variety of conditions. Thus, it is possible to generate the resonance mode together with the output impedances of the GCCs. This situation is called "impedance mismatch" in this paper. By targeting the grid-side current directly, this paper presents an impedance-matching-based GCC control scheme for resonance damping. Since the critical LCL filter is restrained as an internal component, the closed-loop output impedance of a GCC with a filter as a whole can be configured to match the impedance of the external network, based on the detected resonance frequency. Consequently, the harmonic resonance in microgrids is dampened. Fig. 1 shows a three-phase grid interactive microgrid comprised of n parallel DG systems and linear loads. The grid impedance is denoted by R g and L g . The traditional resistor-inductance load is described as R L and L L . The generalized capacitive loads are represented by C L , for example the power electronics equipment installed for reactive power output. Each DG system is connected to the grid at the point of common coupling (PCC) through a LCL filter. For the LCL filter, L 1 is the inverter-side inductance, L 2 is the grid-side inductance, and C f is the filter capacitance. The DC bus voltage of the DG system is assumed to be a constant for the sake of the resonance investigation. It is also assumed that the three-phase system is balanced. In addition, the switching frequency of the GCC is sufficiently high in this investigation. Therefore, its effect on the control dynamics can be neglected. Under the above assumptions, the GCC system can be represented by a linearized "average switching model (ASM)" [25] .
II. MODELING AND STABILITY ANALYSIS

A. System Description
B. Conventional Control of GCCs with a LCL Filter
In a microgrid, each GCC is regulated by a preferred double-loop control scheme [14] , [18] , as shown in Fig. 2 . The equivalent single-phase ASM is presented in Fig. 3 , where the grid-side current i g is set as the control object, and the filter capacitor current i C is measured to stabilize the system and to dampen the resonance. i g * represents the current reference. The inverter-side current is denoted by i 1 , and the filter capacitor voltage is expressed by u C . u inv is the output voltage of the inverter, and u PCC is used for system synchronization. The proportional gain of the inner feedback loop for the capacitor current is k ic . The outer loop in Fig. 3 is a general transfer function represented by C(s). In this investigation, it is implemented as a proportional resonant (PR) controller, which is equally applicable to single or three phase systems.
The PR controller transfer function, given by (1), has an infinite gain at the fundamental frequency. Therefore, it can eliminate the steady state error.
According to the control block diagram of the GCC, its closed-loop behavior acts as a double input and single output system, as shown in (2) .
where G c (s) is the reference-to-output transfer function of the grid-side current, and Z c (s) represents the closed-loop output impedance of the GCC. Both of them largely depend on the control scheme of the GCC, as shown in (3) and (4) . Fig. 3 . Single-phase ASM of conventional control for the GCC. 
C. Closed-loop Norton Equivalent Circuit Model
After establishing a model of the single GCC system in (2), the closed-loop Norton equivalent circuit of a microgrid can be obtained in Fig. 4 . Each GCC with the double-loop control scheme in Fig.1 is substituted by a controlled current source with a parallel output impedance. The grid voltage u s is connected to the PCC with its series impedance. It is worth noting that the ordinary resistor-inductance loads are neglected, and the capacitive loads are lumped together with the grid impedance of the distribution system, denoted by the impedance Z ext (s), as shown in (5).
Based on the developed model, the grid currents of the GCCs can be derived. For the sake of simplicity, it is assumed that all of the GCCs in the microgrid have identical circuits and control parameters while the current reference for each GCC is independently generated. Taking the grid current of GCC1 as an example, it can be obtained as shown in (6) , after a series of manipulations. (
D. Stability Analysis of a Microgrid
After further mathematical derivations, the grid current of GCC1 in a microgrid can be rearranged as follows: 
It is reasonable to assume that the grid voltage is stable when unloaded and that the GCC is stable when connected to an ideal stiff grid. Thus, the stability of the grid currents depends on the following item H c (s), which is the multiplier of the first item in (7) . Since the multiplier for the second item is found to be included in H c (s) by mathematical derivation, H c (s) can determine the stability of the system.
It is obvious that H c (s) resembles a close-loop transfer function of a negative feedback control system, where the forward gain is unity and the feedback gain is T c (s), as shown in (9) .
According to linear control theory, the stability of the grid currents in a microgrid depends on whether T c (s) satisfies the Nyquist stability criterion [26] . It is revealed that the harmonic resonance resulting from the dynamic interactions between the GCC output impedance and the impedance of the external network, which includes the grid impedance and loads, is a special stability issue in multiple-GCC-based microgrids.
III. INVESTIGATION ON THE RESONANCES IN MICROGRIDS
As previously mentioned, the grid impedance, the capacitive loads, the amount of GCCs and the closed-loop output impedance of the GCCs may affect the stability of a microgrid. By illustrating the step by step derivation process of the stability criterion T c (s) in Bode diagrams, each factor can be investigated graphically in detail. A microgrid consisting of three GCCs is taken as an example. All of the GCCs adopt the conventional double-loop control scheme shown in Fig. 2 . The electrical constants and control parameters are listed in Table I . For the sake of simplicity, the outer loop controller C(s) of the GCC is implemented as a proportional controller instead of a PR controller. This is due to the fact that resonant controllers are negligible in the harmonic-frequency region (typically from hundreds of Hz to several kHz) [8] .
Fig . 5 shows a Bode diagram of the stability criterion T c (s) and its derivation process. The red dash curve represents the lumped external impedance Z ext (s), without capacitive loads in this case. The red solid curve is n-1 times of Z ext (s), which assist in calculating T c (s). The black dash curve represents the closed-loop output impedance of the GCC, namely Z c (s). According to (9) , the stability criterion T c (s) can be derived as shown by the black solid curve. It is obvious that the sum of n-1 times of Z ext (s) and the output impedance Z c (s) becomes the denominator in (9), which is critical for the stability criterion T c (s). Taking Fig. 5 as an example, the amplitude-frequency curves of Z c (s) and n-1 times Z ext (s) intersect at a frequency around 600Hz, while their corresponding phase-frequency characteristics are almost opposite. As a result, their sum is nearly zero, which is the denominator of T c (s). Therefore, a peak occurs in the amplitude-frequency curve of the stability criterion at the corresponding frequency, and hence a resonance peak occurs in the closed-loop amplitude-frequency curve of H c (s). Since active damping of the conventional double-loop control scheme is implemented for each GCC, the stability of the whole microgrid system is still maintained. However, a resonance peak occurs on the closed-loop amplitudefrequency curve of the grid currents in the microgrid. Consequently, a sustained harmonic resonance is predictable at a frequency around 600Hz. As shown in Fig. 5 , the output impedance of the GCC, namely Z c (s), is almost capacitive in the resonance frequency region where the peak of T c (s) is located. Meanwhile, the lumped external impedance Z ext (s) is inductive in the same region. It can be concluded that an impedance mismatch between the GCCs and the external network in some specific frequency bands is the cause of the resonance in the microgrid.
By a further analysis of the derivation in Fig. 5 , it is found that the intersection in the amplitude-frequency curves of Z c (s) and n-1 times Z ext (s) shifts to a low-frequency region when the grid inductance or the number of parallel GCCs increases. Hence, the resonance frequency is expected to decrease. For the resonance analysis, the impact of the grid impedance variation and the impact of the amount variation of the parallel GCCs are analogous. As an illustration, the effect of grid impedance variation is shown in Fig. 6 . When the grid inductance increases from 0.6mH to 2.6mH, the peak of the amplitude-frequency curve drifts to the low-frequency region. Meanwhile, the phase margin also gets narrow.
When the capacitive loads are taken into consideration, a Bode diagram of T c (s) and its derivation process are illustrated in Fig. 7 . There is a peak in the amplitude-frequency curve of the lumped external impedance Z ext (s) due to the participation of the capacitive loads. Accordingly, the intersection in the amplitude-frequency curves of Z c (s) and n-1 times Z ext (s) moves a significant step towards the low-frequency region, compared with the one in Fig. 5 . The resonance frequency is likely to be about 400Hz when the capacitive loads are switched in. In addition, a new peak appears in the amplitude-frequency curve of T c (s) in the high-frequency region. Since the corresponding stability margin is relatively large and the resonance attenuation in the high frequency region is more obvious, the new peak is insignificant in the resonance analysis.
IV. PROPOSED IMPEDANCE-MATCHING-BASED METHOD
According to the aforementioned analysis, a method based on impedance matching is introduced to mitigate resonance. It employs a multi-loop control scheme for resonance damping, together with a PR controller to regulate the grid current. Unlike the conventional methods, this solution is proposed from the perspective of the whole microgrid instead of a single GCC. It takes into consideration the resonance frequency variation, which is affected by the number of GCCs, the grid impedance and the capacitive loads. Thus, the closed-loop output impedance of each GCC can be adjusted to match the impedance of the external network, based on the detected resonance frequency. In this section, an accurate equivalent circuit of this method is illustrated, the distinct physical meanings of the control parameters are demonstrated, and the performance of the resonance suppression is analyzed.
A. Principle of the Proposed Method
It is well known that the capacitor shunt branch of a LCL filter performs super-low impedance at high frequencies for the switching harmonic. However, by coupling with an external network in a microgrid, its capacitive character may lead to harmonic resonance in the harmonic-frequency region. Experimental investigations have demonstrated this phenomenon and a schematic diagram is shown in Fig. 8 . The converter-side current contains a fundamental component and the switching harmonic. The switching harmonic is filtered out through the capacitor shunt branch as expected, and only the fundamental component is transmitted to the external power grid. Nevertheless, there is an adverse side effect to this. Harmonic resonance is found between the grid-side current and the capacitor current. It is introduced by the coupling between the capacitor shunt branch and the external network which is mainly inductive in the resonance frequency region. Naturally, it seems reasonable to reconstruct the critical capacitor shunt branch according to the proposed control scheme to achieve impedance matching between the GCCs and the external network.
In order to achieve resistive impedance instead of capacitive impedance in the harmonic-frequency region, an equivalent inductor shunt branch is implemented by the proposed method, namely L m in Fig. 9 . When the resonant frequency of the branch, consisting of a filter capacitor and an equivalent inductor, is located at the harmonic-frequency, the corresponding phase of the closed-loop output impedance of the GCC, namely Z c (s), is about 0° instead of -90° in Fig. 5 . Therefore, the critical inductance-capacitance mismatch between the external network and the GCCs is avoided. Meanwhile, the filtering performance at a much higher frequency for the switching harmonic is not compromised because of the frequency selectivity. Nevertheless, this situation is extremely sensitive to system parameters and prone to instability. Hence, an equivalent resistor shunt branch, R m , is implemented for the sake of robustness. Consequently, the expected resistive impedance region is expanded significantly, and the proposed method is immune to parameter variations in a wide range.
According to the equivalent circuit of the proposed impedance-matching based control, the reconstructed output impedance of the GCC can be obtained in (10) . Comparing the original output impedance in (4) with the conventional double-loop control scheme, the zero and pole placement of the output impedance can be reconfigured by the proposed method. This also means that the impedance characteristic of the GCCs in a specific frequency band can be configured to match with that of the external network. 
To achieve the equivalent inductor and resistor shown in Fig. 9 , a multi-loop control scheme consisting of the feedback of the filter capacitor current i C and filter capacitor voltage u C is introduced. A block diagram of the equivalent single-phase ASM for the proposed method is illustrated in Fig. 10 . The proportional gains of the inner feedback loops for the capacitor current and capacitor voltage are k 1 and k 2 , respectively. Based on the control block diagram, the corresponding closed-loop output impedance of the GCC can also be derived, as expressed in (11). 
Comparing (11) with (10), the distinct physical meanings of the feedback parameters in Fig.10 can be obtained. The relationship between the equivalent circuit elements in Fig. 9 and the proportional gains of the inner feedback loops in Fig.  10 is represented in (12) and (13).
As mentioned above, the resonant frequency of the branch consisting of a filter capacitor and an equivalent inductor is supposed to be located at the detected harmonic frequency, which is represented by f har . The following relationship should be satisfied to ensure an approximate resistive impedance in the harmonic-frequency region.
Based on a previous analysis, it is found that an equivalent resistor shunt branch is also necessary to make the impedance configuration less sensitive to system parameter variations. In general, the equivalent resistor should be chosen according to the following requirement, as shown in (15) .
With (15) as the controller parameter, a minimal impact is exerted on the amplitude-frequency curve of the GCC output impedance around the harmonic frequency. Therefore, the location of the intersection in the amplitude-frequency curves is maintained and the corresponding phase is significantly reconstructed. Variations of the grid impedance, the number of GCCs and the loads are taken into consideration in the proposed method since they regulate the output impedance of the GCC based on the detected resonance frequency f har . In addition, the parameter robustness introduced by the equivalent resistor also makes the proposed method less sensitive to the random variations of the output filter impedance of the GCC during operation. Feedback loops of the filter capacitor current i C and filter capacitor voltage u C are clarified separately in Fig. 10 . It seems that the proposed method needs more sensors. However, this will result in cost increases. In fact, the estimation of certain system states can reduce the spending in terms of required sensors. For example, the current sensors implemented in the feedback loop of the filter capacitor current can be omitted, since the derivation of the filter capacitor voltage is a simple method for estimating the filter capacitor current. Relevant theoretical derivation and experimental verification can be found in [13] . 
B. Mitigation of Resonance in the Microgrid
After the parameters of the proposed method are chosen, the effectiveness of the proposed method for the resonance suppression in a microgrid is examined by using a Bode diagram. In this investigation, the harmonic frequency f har is chosen as 600Hz, as mentioned in Fig. 5 , where a microgrid consisting of three GCCs is taken as a basic case. The electrical constants and control parameters are listed in Table  I . As previously discussed, the outer loop controller C(s) of the GCC is implemented as a proportional controller for the sake of convenience. Fig. 11 shows a Bode diagram of the stability criterion T c (s) and its derivation process, when the proposed control is applied. Compared with Fig. 5 , it is obvious that the closed-loop output impedance of the GCC is adjusted to be an almost resistive instead of a capacitive in load in the harmonic-frequency region, as shown in the black dash curve. This is a meaningful improvement because the original inductance-capacitance mismatch in Fig. 5 is avoided, and the peak on the amplitude-frequency curve of T c (s) is eliminated. Fig.12 depicts the situation where the capacitive load is switched in a microgrid. Compared with Fig. 7 , the inductance-capacitance mismatch at around 400 Hz is avoided because the output impedance of the GCCs here is reconstructed to be approximately resistive. As a result, the critical peak in the amplitude-frequency curve of T c (s) in the low frequency band is eliminated. Although the other peak remains in the high frequency band, it is insignificant as previously pointed out. This proves that the proposed method based on impedance matching is effective in different situations.
V. SIMULATION AND EXPERIMENT VERIFICATIONS
A. Simulation Results
The configuration of the simulation system is shown in Fig.  1 . There are three GCCs in the microgrid and all of the GCCs have identical circuit and control parameters. The electrical constants and control parameters are listed in Table I . The reactive current references of all the GCCs are zero. The active current references of GCC2 and GCC3 are set to 8A and the reference of GCC1 is step changed from 4 A to 8 A. Fig. 13 and Fig. 15 show the results of applying a conventional double-loop control scheme while Fig. 14 and Fig. 16 depict the situations where the proposed impedance-matching-based method is implemented. In these figures, sub-graph (a) shows the voltages of the PCC. Sub-graph (b) and sub-graph (c) show the currents of GCC1 and GCC2, respectively. The current of GCC3 is similar to GCC2 and is not displayed.
Although the capacitive loads are not switched on, as shown in Fig. 13 , the measured phase currents have a certain harmonic distortion as theoretically analyzed in Fig. 5 . Taking GCC2 as an example, the phase-A current is measured with a 3.5% 11 th harmonic distortion and a total harmonic distortion (THD) of 4.2%. This is beyond the limitation of IEEE Std 929-2000, which restricts the individual 11 th -15 th odd harmonics to within 2%. The dominating harmonic component is around 600 Hz as discussed before. When the proposed method is applied, the 11 th harmonic is decreased to 1.4% as shown in Fig.14 , and the THD is decreased to 3.1%. As shown in Fig. 15 , under the conventional control, the resonance is aggravated when a capacitive load is switched on. For this test, the THD of the current is about 7.1% with a 6.7% 7 th harmonic dominating. Compared with Fig. 13 , it is evident that the resonance moves to the low-frequency region, which is indicated by the stability analysis in the previous section. The improved performance with the proposed resonance damping method is shown in Fig. 16 . The considerable 7 th harmonic is dampened to 1.5%, and the THD decreases to 2.9%.
Considering random parameter variations and the impedance difference among the GCCs during practical operation, a simulation with a capacitive load is carried out when the filter inductances of GCC2 are increase by a further 50%, which means that the output filter impedances of the GCCs are unbalanced. Moreover, the random variations of GCC2 are undiscovered by its controller. Fig. 17 and Fig. 18 show the performances with the conventional method and the proposed method, respectively. As shown in Fig. 17 , the THD of the current is about 8.4% with a 7.5% 7 th harmonic dominating. Compared with Fig. 15 , it is revealed that the unbalanced output filter impedances among the GCCs slightly aggravates the resonance. When the proposed method is applied, the 7 th harmonic decreases to 1.4% as shown in Fig.18 , and the THD decreases to 2.9%. Another simulation is implemented when the filter inductances of GCC2 are reduced by 50%. In this case, the THD of the current is about 9.6% with an 8.5% 7 th harmonic, when applying the conventional method. With the proposed method, the THD is decreased to 3.3% and the 7 th harmonic decreases to 1.6%. This shows that the proposed method is immune to parameter variations in a certain range, and that it is still effective when the output filter impedances of the GCCs are unbalanced.
It is worth mentioning that harmonic loop currents among the GCCs will occur when the output filter impedances of the GCCs are unbalanced. As an example, Fig.19 shows the loop currents between GCC2 and GCC3 under different situations. When all of the GCCs are the same, there is almost no loop current among the GCCs, even without the proposed method, as shown in sub-graph (a). While the filter inductances of GCC2 increase by a further 50%, there are obvious loop currents between GCC2 and GCC3. They are dominated by 7 th harmonic, as shown in sub-graph (b). A comparison between Fig.17 and Fig. 18 shows that with the proposed method, the harmonic resonances for all of the GCCs are well dampened. Therefore, the harmonic loop currents between GCC2 and GCC3 are attenuated, as shown in sub-graph (c). Similar results are also achieved when the filter inductances of GCC2 are reduced by 50%.
B. Experiment Results
An experimental platform based on DSP controllers is used to confirm the accuracy of the above ASM analysis, and to test the harmonic performance and practical robustness of the proposed method. Fig. 20 shows a photograph of the experimental setup in laboratory. The experimental microgrid is composed of three identical GCCs, and the dc link voltages of these GCCs are provided by three-phase diode rectifiers. The relevant system settings can be found in Table I . In addition, the control algorithm is implemented on a DSP (TMS28335) plus a complex programmable logic device-based digital controller.
The performance of this microgrid consisting of three GCCs is shown in Fig. 21 . This is taken as the basic case. In this figure, sub-graph (a) depicts the phase-A voltage of the PCC (100V/div). Sub-graph (b) shows the phase-A current of GCC1 (5A/div). The phase-A currents of GCC2 and GCC3 are shown in sub-graphs (c) and (d), respectively. The reactive current references for all of the GCCs are set to zero, and the active current references are set to 5A.
When the conventional control is implemented, the system is stable. However, the grid currents for all of the GCCs have an obvious steady-state resonance. For example, the phase-A current distortion of GCC1 is measured with a 5.28% THD, dominated by a 2.05% 11 th harmonic and a 3.17% 13 th harmonic. As depicted in Fig. 22 , the proposed method reduces the THD to 3.20%. Meanwhile, the 11 th harmonic decreases to 0.82% and the 13 th harmonic decreases to 1.21%. To verify the resonance frequency variation with different numbers of GCCs, GCC3 is switched out from the microgrid. In this case, there are still considerable ripples in the grid currents of the GCCs, with a 2.90% 17 th harmonic and a 2.45% 19 th harmonic, and the THD is 5.48%. Compared with Fig. 21 , the resonance moves from 600Hz to 900Hz in Fig. 23 . When the impedance-matching-based damping control is enabled, the performance of the two-GCC-based microgrid is shown in Fig. 24 , where the current distortion of GCC1 has a 2.83% THD. In addition, the dominating 17 th and 19 th harmonics decrease to 0.56% and 1.05%, respectively. To investigate how the resonance frequency varies as the grid impedance changes, the grid inductance L g is intentionally increased to 2.6 mH. When the conventional control is applied, the corresponding waveforms are obtained and shown in Fig. 25 . Although the microgrid system remains stable, the grid currents for all of the GCCs and the PCC voltage are severely distorted. The major harmonic is the 7 th harmonic, reaching up to 4.39%. Compared with the microgrid with the original grid impedance shown in Fig. 21 , it is obvious that the resonance moves to the low-frequency region with an increasing grid impedance. Furthermore, it is found that this resonance can be well dampened by the proposed method. It reduces the THD from 5.62% to 3.12%, and the dominating 7 th harmonic is attenuated to 1.24%. Lastly, the capacitive load is taken into account. In this test, a capacitor is switched on in the microgrid as shown in Fig. 1 .
In accordance with the analysis and simulation results, the grid currents for all of the GCCs and the PCC voltage are severely distorted. Taking GCC1 as an example, the THD of the phase-A current reaches up to 6.75%, dominated by a 4.78% 7 th harmonic. Compared with the basic case in Fig. 21 , the aggravated resonance introduced by capacitive loads is verified. When the proposed damping scheme is adopted, the current distortion of GCC1 is measured with a 3.33% THD, and the dominant 7 th also decreases form 4.78% to 1.89%. With the proposed impedance-matching-based method, the power quality of the microgrid can be significantly improved.
VI. CONCLUSIONS
The harmonic resonance and damping strategies of multiple-GCC-based microgrids have been discussed in this paper, with capacitive loads being taken into account. An impedance mismatch between GCCs and the external network in the harmonic-frequency region is found to be the primary cause of resonance in microgrids. Critical factors associated with this resonance are investigated. In addition, variations of the resonance frequency due to the number of GCCs and variations in the grid impedance are analyzed. It is also revealed that a capacitive load may aggravate the resonance. Accordingly, an impedance-matching-based control scheme is proposed to regulate the output impedance of GCCs to match it with the impedance of the external network, based on the detected resonance frequency. With this method, the resonance can be effectively suppressed in different situations.
